DFT calculations of the intra molecular site exchange process in square pyramidal five coordinate complexes, [PtX(hfac) 2 ] -(hfac = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate, X = Cl, Br, I), were performed. The calculation reproduces well the X-ray molecular structures and the trigonal bipyramidal transition state energies of three possible paths, two of which actually seem to function, show that the order of the trans effect of halide ligands is Cl < Br < I, and that of the cis effect is Cl > Br > I, which is in accordance with the experimental results.
Introduction
The exchange rates of aqua ligand in water have been reported for a variety of metal complexes [1] . In the case of mixed complexes these are affected by the supporting ligands, the so-called cis and trans effects. The order of the trans effect of halide ligands is well known to be I > Br > Cl > F, but few reports about the cis effect have been presented [2] . For example, however, the water exchange rate constant in [Pt(H 2 O) 4 ] 2+ was reported to be of the order of 10 -4 s -1 using 195 Pt nmr [3] and 17 O nmr [4] spectroscopy, while that in [PtX(H 2 O) 3 ] + (X = halide), which contains two exchange routes, is unknown. One question is to what degrees halide ligands activate the water exchange reaction in the cis and trans positions, and the other question is what are the orders of the cis and trans effects of halide ligands, respectively? The answers of these problems are important to understand the biochemistry of Pt(II). Since it is difficult to determine separately the water exchange rates of the trans position to X ligand and the cis position, we chose the [PtX(hfac) 2 ] -(X = Cl, Br, I; hfac = hexafluoroacetylacetonate) system as a model, which has a 5-coordinate distorted square pyramidal structure [5] . This structure is maintained in solution and the fast dynamic site exchange process has been observed in the temperature variable 1 H and 19 F NMR spectra. One of the oxygen donors occupies an apical position in the apically wounded hfac chelate; O ap has four possibilities to assault the positions in the square plane, X, O cis;1 , O cis;2 and O trans . Considering the coalesce mode of the 1H and 19F signals with temperature variation, it was found that two independent site exchange paths occur, in which O ap assaults the positions of O cis;2 and O trans , respectively. The line shape analyses were performed qualitatively, and the orders of cis and trans effects were determined as follows; cis effect; Cl > Br > I, and trans effect; I > Br > Cl. It is very interesting that the order of the cis effect is the reverse of that of the trans effect. In this paper the ab initio calculations to determine the optimal structures of [PtX(hfac) 2 ]and the trigonal bipyramidal transition state energies of each path are reported. It is well recognized that the B3LYP hybrid functional based on DFT (density functional theory), is useful for the quantum chemical calculations of transition metal complexes [6] . Therefore, geometry optimizations were performed with Gaussian 98 program package [7] at the B3LYP/3-21G level of theory, except Pt and X (X = Cl, Br, and I), for which LanL2DZ basis sets were adopted. The calculations for the transition state structure optimization were performed by using the STQN method which automatically generates a starting structure.
Results and Discussion

Geometry optimization for possible structures of the initial states
We optimized three types of structures associated with the possible initial states for [PtX(hfac) 2 ] -. They are shown in Figure 1 , I-III, respectively. Their total electronic energies (in a.u) and the relative energies (in kcal/mol) are summarized in Table 1 . Molecular Gibbs free energies were also calculated using the Gaussian 98 program package and the calculated values are summarized in Table 1 . Comparison of the calculated electronic energies (and also calculated molecular Gibbs free energies) makes clear that the energy of structure III is much higher than that of structure I or II for all complexes concerned. This means that structure III is probably a local minimum state and we can omit this structure hereafter from the discussions. The electronic energies of structure I are slightly lower than those of structure II (X = Cl; 0.2 kcal/mol, X = Br; 0.4 kcal/mol, and X = I; 0.4 kcal/mol). There are too many optimized structure parameters for each complex. Therefore, we have summarized only some selected structural parameters in Table 2 with the corresponding experimental ones (X-ray crystal structure data). From Table 2 , one can see that the agreement between the calculated values and the experimental ones is satisfactory. The calculated dihedral angles, Pt-O trans -O cis;1 -C cis;1 between the two planes containing Pt-O trans -O cis;1 and O trans -O cis;1 -C cis;1 for all complexes, are near 180 , which indicates that one hfac is almost coplanar with the coordination square plane. However the dihedral angle, Pt-O ap -O cis;2 -C cis;2 was calculated to be smaller than 180 , which indicates that the plane of the other hfac and the plane containing Pt-O ap -O cis;2 are bent down. From the X-ray structure it can be seen that, while this hfac plane bends away from the halogen ligand in the Br complex (Structure II), it bends toward the halogen in the I complex (Structure I). However, the following discussions associated with the effect of the halide ligand on the reaction mechanism are based on structure I as an initial state.
I II III
Geometry optimization for transition state
The most interesting problem in theoretical works about the reaction mechanism is the calculation of the electronic structure and the geometry of the transition states appearing in the course of the reaction path. The coordination site exchange is attained through a pseudorotation path with minimal structural change between the square pyramidal and trigonal bipyramidal structures (see The energies of the trigonal bipyramidal transition states (TS A, B and C) are shown in Table 3 . The order of the relative electronic energies in TS B is Cl > Br > I in accordance with the order of the trans effect. However, though the energy difference is not so large, the order of the energies at the transition state (TS A) is reversed, I > Br > Cl, which suggests that this is due to the cis effect. Because TS C for all halide complexes has a higher energy than the corresponding TS A or TS B, the basalapical exchange of the X ligand should be an unfavorable energy path compared with those of oxygen donors in the hfac chelates.
Conclusion
From the DFT calculation based on the B3LYP/3-21G level calculations, the optimal structures of [PtX(hfac) 2 ]fit well with the crystal structures. The trigonal bipyramidal transition state energies of three possible paths, two of which actually seem to function, show that the order of the trans effect of halide ligands is Cl < Br < I, and that of the cis effect is Cl > Br > I, which is in accordance with the experimental results.
